The jar opening movement requires a complex integration of digits and adequate grasp strength. Unfortunately, many young females have difficulty achieving this task. The opening direction may be an important element related to the force efficiency of hand. However, few studies have been conducted on this topic with an actual human movement. The purpose of this study was to investigate the effect of jar twisting direction on hand kinetics during a maximum voluntary twist. It was hypothesized that changing the twist direction would alter the results of hand kinetics and that an optimal twist direction could be found for opening a jar. Thirty-six healthy young females with mean age, body weight, and height of 23.5 ± 3.6 years, 53.1 ± 6.0 kg, and 160.4 ± 4.3 cm, respectively, were recruited. A custom jar instrument was fabricated to record the kinetics of hand and digit groups. All participants performed jar twisting movements in the clockwise and counterclockwise directions. The results showed that the overall torque and resultant force of right hand increased when a clockwise twist was applied. The resultant force and torque shares of the thumb also increased for the clockwise twist even though those of the middle-ring-little digit group showed no difference and those of the index digit decreased. The index digit and thumb contributed the least and most effort, respectively, for both twisting directions. The thumb was the main force digit. Normal force was the main component of force for all digit groups. The force projections showed that other digit groups not only antagonized the thumb but also one another. The results supported the hypothesis that there were kinetics differences for digits for the two twisting directions. Jar lids could be opened more efficiently in the clockwise direction and kinetics of each digit group also provided as a precursor to jar design modification.
Introduction
Jar opening requires a complex integration ability of hand. Researchers have indicated that the majority of respondents have experienced difficulty in this task [1] [2] [3] . The elderly are known to have this problem due to their decreased strength and dexterity [4, 5] . Members of healthy age groups also have problems opening jars, particularly females younger than 25 years old. Experiments have shown that approximately 40% of female subjects in this age group were unable to complete this task [5] . In contrast, most males were able to successfully open jars [6] . Therefore, more consideration should be given to ease of use for this age group.
Counterclockwise and clockwise directions are commonly designated for opening and closing a jar, respectively [7] . Previous studies have focused on the effects of age, sex, diameter of jar lid, type of closure, grasp pattern of digits, and neural pathways [3] [4] [5] [6] [8] [9] [10] [11] on the ability to open a jar. However, few studies have compared the hand grasp force related to jar twisting direction and there are inconsistent opinions regarding other twisting tasks. Miller et al. [12] found that the maximum torque produced by only the dominant hand grasping an object had no variation among radial and ulnar deviation. Whereas, Shim et al. [13] suggested that twisting a circular object in the clockwise direction with forearm immobilization on a desk could produce greater torque than that produced in the counterclockwise direction. Force production of the actual movement in considering twisting direction should be well studied.
The hand adopts a grasp pattern with a specific torque distribution of digits to increase the force efficiency [14] . The interaction among digits should be considered before jar design is modified [5, 15] . Previous studies investigated the force shares of digits in only one twisting direction or compared a digit's force for two twisting directions. The results show that both the force and torque contribution of digits varied with jar holding position during counterclockwise twisting [17, 18] . A custom jar device containing a jar lid with a 66-cm diameter was designed to define thumb kinetics [17] [18] [19] . However, few studies have proved the effect of jar twisting direction on digit coordination. Only one previous study has focused on the roles of digits during a circular twisting task. With immovable digit, forearm, and object positions and only the subject's right hand grasping the object, Shim [13] found that the torque sharing pattern of digits does not change with torque direction. The thumb and little digit contributed the most and least amounts of normal force and torque, respectively. Other study measured digit force using a bar handle machine with the subjects grasping the object with the same digit positions [16] . However, these results might not be applicable to real-life situations.
Besides power grasp and pinch dynamometers, there is no method or device for simulating an actual human grasping task while quantifying the digit coordination. In previous jar twisting studies, the digit kinetics and their coordination for two jar twisting directions were not taken into consideration when a natural grasping movement was performed. In the present study, variations of right hand biomechanical performance for counterclockwise and clockwise twisting movements are analyzed for healthy young females. It is hypothesized that the kinetics results will vary with twisting direction. Figures 1 and 2 show the kinetic measurement equipment designed to be a jar simulator. The jar simulator is made of stainless steel and comprises a circular jar lid (height: 3.0 cm, diameter: 8.0 cm) and a jar body (height: 10.6 cm, diameter of upper rim: 8.0 cm, diameter of lower rim: 7.0 cm). Three force/torque transducers with six axes (Nano25; ATI Industrial Automation, Garner, NC, USA) and one torque transducer (TRT-200; Transducers Techniques, California, USA) were mounted in the jar simulator. The jar lid and jar body were designed to be immobilized in order to receive the maximum voluntary force of hand.
Methods

Apparatus
An analog-to-digital converter (Model 230, National Instruments, Texas, USA) was used to convert the input analog electrical signal into a digital value proportional to the magnitude of the voltage. Before the experiments, the transducers were calibrated and the applicability of the mathematical algorithm was verified. For the calibration, for each component axis of each transducer, a force was applied by hanging a designated weight composed by counterpoises as the Three stainless steel arc flakes were constructed on the outside circle of the jar lid for applying force. The inner side of each multi-axis transducer was mounted into the stainless steel base. The outside of the multi-axis transducer was tightened with a stainless steel flake. Three multi-axis transducers were set at 0°, 120°, and 240° on the lid circle, respectively. A torque transducer was used to measure overall torque capacity produced by bilateral hands. It was set into the center of the simulator, between the jar lid and the jar body.
expected value to test the validity of measured values. 43 absolute weights, ranging from 0.1 to 7 kg, were used for the calibration, respectively. The counterpoise was hung by a rope along each component axis of each multi-axis transducer. The rope was attached at 0°, 120°, and 240° of the outside surface of the jar lid. Each hanging force along each axis of a transducer was tested 3 times. The regression coefficients calculated from the measured force to the applied force (expected value) ratio of three multi-axis transducers were 1.000~1.033 and 0.965~1.037 for force and moment, respectively. The torque cell was 1.004. The overall torque capacity from the above calibration data was computed. The total torque of the three multi-axis transducers should be equal to the value measured by the torque transducer. The mean torque ratio of the value of three multi-axis transducers to the value of the torque transducer was 100.14 ± 0.21%. Before conducting the analysis, all the original measured data were corrected based on the above calibration results.
Subjects and procedure
36 healthy right-handed female subjects without any injury or neuropathy in the upper extremities were recruited for the experiment. Before the experiment, the sex, age, occupation, and dominant hand of the subjects were recorded. Their average age, body weight, height, hand length, and grasp strength of thumb were 23.5 ± 3.6 years, 53.1 ± 6.0 kg, 160.4 ± 4.3 cm, 17.20 ± 0.73 cm, and 104.0 ± 32.5 N, respectively.
The jar simulator was placed vertically on the examination table. The height of the table was adjusted to each subject's elbow height while their upper extremities drooped naturally. Before the data collection, all participants were informed about the study processes and were asked to sign a consent form approved by the Institutional Review Board of National Cheng Kung University Hospital. Then, the subjects were asked to hold the bottom of the jar simulator with their left hand and to grasp the jar lid with their right hand.
The five digits of the right hand were divided into three groups for the purpose of analyzing their kinetic contributions. The (1) thumb, (2) index finger, and (3) middle-ring-little digit groups were positioned on the outer surface of the three stainless steel flakes, respectively. The subject's thenar part of the right thumb was allowed to touch the jar lid. The location of each digit group was free on its specific flake. The subjects were tested in the sitting position with their knees flexed at 90° while their bilateral hands performed the jar counterclockwise twisting and clockwise twisting movements (Figs. 2 and 3). The maximum voluntary effort and immobilizing digit grasp position for both twisting directions were requested. 20 seconds was allowed for each trial, which consisted of twisting the jar and then placing it vertically on the table without bilateral hand grasping. Five trials were performed for each twist movement. The subjects rested 1 min before beginning the subsequent trial. The results for which the maximum overall torque was exerted were chosen for each trial. The average values for the five trials were calculated for statistical analysis. The sequence of twisting directions was random in order to avoid bias. The mean value of the last three seconds in each trial was taken as the baseline data when no action was performed and no digit touched the jar lid.
Mathematical algorithms
To obtain the kinetic contributions of the digit groups, normal and tangential component forces with respect to the top view of the jar lid were computed. The jar lid coordinate system and parameters are shown in Fig. 4 . The force and torque applied by each digit group were measured by the multiaxis transducers, F m and M m , and then transformed to new values relative to the Cartesian coordinative system of the jar lid, F j and M j , respectively. The radius of the jar lid, the distance from the jar lid center to the origin of the multi-axis transducer, and the distance from the origin of the multi-axis transducer to the top plane of the jar lid were 40 mm, 32 mm, and 15 mm, respectively. Other parameters are defined below. lid. Three multi-axis transducers were set at 0°, 120°, and 240° of the lid circle, respectively. The X axis of the jar coordinate system was directed to the right side, via 0° of lid circle and the Y axis projected forward through 90°. The Z axis was directed upward when the jar simulator was standing vertically. The origin of the coordinate system was set on the top center of the jar lid. The other parameters used in operation were also showed in the sketch. The rotation matrix from the coordinate system of the multi-axis transducer to the coordinate system of the jar lid was defined as R. P az ,, θ, F a , and M a can be calculated using the equations shown below, where parameters of equation (5) 
;
M a is the applied moment, computed as
where M r is the normal component of M a , and is directed toward the jar origin. It was assumed to be positive. The tangential and longitudinal components of M a are zero due to only positive radial compression strain. Following equations (1)- (6), the position angle where the force is applied (θ) and the applied force of the digit group (F a ) can be used to solve the tangential (F t ) and normal (F n ) components of an applied force using:
sin cos
where a positive value of F t indicates rotation in the counterclockwise direction and a positive value of F n is projected to the origin of the jar coordinate system. Positive F z was directed upward. F t and F n are relative to the cylindrical coordinate system of the device. The longitudinal component force is defined as F z . The overall torque capacity of the hand, T t , and each digit group's torque contribution were respectively calculated using:
Data analysis
The force and torque contribution of each digit group was obtained to analyze the digit coordination related to the jar twisting direction.
The collection frequency of the transducers was 70 Hz. The parameters were processed using Matlab 7.1. Statistical analysis was undertaken using SPSS version 12.0 (SPSS Inc., USA) with the significance level defined as p < 0.05 for each test. A paired-samples t-test was used to compare the overall torque of the hand for counterclockwise and clockwise twisting. For the changes in the component forces and torque contribution of each digit group between the two twisting directions, repeated measure analysis of variance (ANOVA) was used with the twisting direction as the within-subject main factor. The factors digit group and twisting direction were analyzed for ANOVA. Least significant difference (LSD) was used as a post-test to compare data when significant main effects or interactions were found. The Pearson correlation coefficient between the hand length and the measured overall torque for the two jar twisting directions was also analyzed. Table 1 lists the mean values of the resultant component forces for each digit group and the overall torque of the hand during counterclockwise and clockwise twisting. Figure 5 shows the actual force vectors applied by the three digit groups on the jar in the X-Y plane during the jar twisting task for one subject. 
Results
The females produced a significantly greater overall torque capacity in clockwise twisting than that in counterclockwise twisting (t = -7.1, p < 0.001). For each digit group with a significant interaction effect of the twisting direction and digit group (F = 31.2; p < 0.001), the resultant force of the thumb significantly increased (F = 16.1; p = 0.020) during clockwise twisting compared to that of the counterclockwise twisting, whereas the index finger produced a smaller resultant force (F = 6.2; p < 0.001) during clockwise twisting. The resultant force of the middle-ring-little digit group remained approximately unchanged (F = 0.0; p = 0.984).
The component forces of each digit group, the normal force (F n ), tangential force (F t ), and longitudinal force (F z ), were compared between the two twisting directions after the tests of the interaction effect of twisting direction and digit group (Fn: F = 27.2; p < 0.001, Ft: F = 53.9; p < 0.001, and Fz: F = 3.6; p = 0.040). Repeated measure of ANOVA for the twisting direction effect showed that all component forces of the thumb significantly increased during clockwise twisting compared to those during counterclockwise twisting (F n : F = 13.2; p < 0.001, F t : F = 39.5; p < 0.001, F z : F = 4.3; p = 0.001), whereas these factors decreased for the index finger during clockwise twisting (F n : F = 4.5; p = 0.003, F t : F = 49.9; p < 0.001, F z : F = 12.9; p = 0.014). The tangential force of the middle-ring-little digit group significantly increased during clockwise twisting (F = 11.3; p < 0.001), whereas no differences were found for the normal force (F = 10.3; p = 0.549) and longitudinal force (F = 0.9; p = 0.340) between the two directions.
The torque contribution was calculated to clarify the coordination of the three digit groups. (a) The thumb, (b) index finger, and (c) middle-ring-little digit group contributed 47.6 ± 12.0%, 19.9 ± 6.7%, and 32.8 ± 9.7%, respectively, during counterclockwise twisting. For clockwise twisting, these values were 63.2 ± 9.0%, 4.9 ± 4.8%, and 31.9 ± 6.8%, respectively.
With a significant interaction effect (F = 37.3; p < 0.001), the torque contribution of the thumb was maximal, whereas the index finger showed minimal involvement during both jar twisting movements. The index finger had a larger twisting contribution during counterclockwise twisting (F = 119.4; p < 0.001), whereas the thumb contributed less in that direction (F = 39.1; p < 0.001), and no significant difference was found for the middle-ring-little digit group (F = 0.2; p = 0.660) (Fig. 6) . Hand length had no significant correlation with the overall torque in both directions (Pearson's r =0.3, p = 0.11 in counterclockwise direction; Pearson's r = .3, p = 0.06 in clockwise direction).
Discussion
In this study with right-handed young females, jar twisting in the clockwise direction produced more total resultant force and overall torque capacity than those produced in counterclockwise twisting. These results agree with those reported by Shim et al. [13] , even though the subject's forearm posture was restricted in their experiment. A jar lid is commonly designed to be opened counterclockwise. In the natural posture to twist a jar, digits act synergistically with the wrist joint and upper extremities [20, 21] . In addition to performing digit flexion and thumb opponent motions during counterclockwise twisting, the right hand produces wrist radial deviation related to the forearm [22] . Ulnar deviation of the right wrist performs clockwise twisting. On the anatomical aspect, the protrusion of the radial bone limits the radial deviation range of motion to 10~20° [7] . Therefore, the wrist is assumed to have a larger angle range to move to the ulnar side. A jar lid that opens clockwise is thus easier to open. The torque contribution of the thumb in jar counterclockwise twisting (47.6%) was greater than that reported in previous studies (23.3~40.0%) [13, 17, 18, 22] , and increasing to 63.2% in jar clockwise twisting. The torque contribution and resultant force of the thumb were also greater than those of the other four digits in both twisting directions. The thumb is the main force digit when twisting a jar lid in any direction. Different grip patterns of the thumb and increasing the contact area may result in increased contribution. In this study, the thumb and the thenar part were used to jointly grasp the jar lid. This is different from the grip pattern defined by previous studies, where only the distal phalange of the thumb was allowed to grip the jar lid.
The increased resultant force and torque contribution of the thumb in the clockwise direction are in accordance with the increased overall torque. This can be explained by the fact that the thumb extensor and abductor muscle forces were counteracted by the contraction of the flexor and adductor muscles during counterclockwise twisting [7] . In contrast, resultant force of the thumb tended to be greater due to flexors and adductors collaborating during clockwise twisting.
All component forces, the resultant force, and the torque contribution of the index finger decreased during clockwise twisting. This agrees with results that suggest that muscle strength for index flexion-abduction motion is greater than that for index flexion-adduction [23] . The first dorsal interosseous (FDI) muscle and the first palmar interosseous (FPI) muscle are the main muscles for twisting counterclockwise and clockwise, respectively. Based on an anatomical view [24] , the crosssectional area of the FDI muscle is greater than that of the FPI muscle. The stronger FDI muscle is also required for a complex grasp [25] . Thus, the index finger exerts less effort during clockwise twisting.
Furthermore, except for the longitudinal force of the index finger during counterclockwise twisting, the resultant and component forces were all less than those of the thumb or middle-ring-little digit group in both twisting directions. This result is similar to those reported in previous studies for grasping a pillar [26, 27] or for the finger enslaving effect [28] . According to the digit synergistic effect, the index finger is more difficult to flex when other digits are abducted to each other. The index finger force thus decreases when grasping an object with a greater span [29] . When a dexterity movement is required in a power grasp, such pressing a button while grasping an object, the index finger is often the first choice to separate from the opposing movement or antagonized system of the hand [30] [31] [32] . The index finger is not the main force digit or torque contributor when twisting a jar lid in any direction.
The resultant force and torque contribution of the middlering-little digit group showed no difference between the two twisting directions. For these digits, the 2 nd dorsal interosseous (DI) muscle and the 2 nd and 3 rd palmar interosseous (PI) muscles were the main muscles recruited for counterclockwise twisting, whereas the 3 rd and 4 th DI muscles and the abductor digitiminimi (ADM) were recruited for clockwise twisting [33] . According to their anatomical cross-sectional areas, the force output is estimated to follow the order: 2 nd DI > 3 rd DI for middle digit, 4 th DI > 2 nd PI for ring digit and 3 rd PI > ADM for little digit. This increases the tangential force of the middlering-little digit group during clockwise twisting.
The longitudinal forces of all digit groups were minimal and small in both twisting directions. The non-twisting grasp strength of the thumb (104.0 ± 32.5 N) was greater than the normal force during jar twisting (60.3 ± 20.9 N for counterclockwise twisting and 81.2 ± 27.4 N for clockwise twisting). The twisting movement weakens the grasp strength of the thumb. Kuo et al. [18] showed that the normal force was the main component force in both twisting directions. Despite previous opinions [16, 27] , the present study found that a female's four digits not only antagonize the thumb, but also one another during jar twisting movements (Fig. 5) .
For similar age females and jar diameters, the counterclockwise twisting torque in this study was smaller than those reported in previous studies (2.2~5.6 Nm) [5, 6, 12] , in which jars were twisted with a free body posture and jar holding pattern. This difference may be due to only a jar holding posture being permitted in this study. Other twisting methods include holding the jar diagonally on a table, which might provide more torque. Despite this, the overall torques in this study are greater than those (0.9~1.0 Nm) reported by Chang et al. [17] . This could be due to the subjects' thenar part of the thumb being permitted to grasp the jar lid in the present study. The clockwise twisting torque was greater than that (2.1 Nm) produced by young males (26.2 ± 3.7 years old) in Shim et al.'s study [13] . It proved the advantage for hand twisting by using the actual human movement. There was no significant correlation between hand length and the overall torque. However, Crawford et al. [4] demonstrated that wrist torque increases with hand size.
The better jar opening direction for the young females and kinetic shares of each digit group were suggested in this study.
Other techniques such as changing the lid inner thread, jar shape, or jar holding posture can be studied for the same age group. For the application limitations of this study, the applied force of thumb on the jar lid can not be assumed to be a digit tip force and the results cannot be generally applied to the population at large due to the limitations of age, health criteria of subjects, body posture, hand dominance, and the selected task. Further studies can consider increasing the number of transducers to obtain more details of the middle, ring, and little digit contributions. Other grasping methods can also be tested.
Conclusions
The effect of jar twisting direction on hand kinetics during a maximum voluntary twist was investigated. It was found that the kinetic performance of the right hand of young females changes with twisting direction. Jar lids should be designed to open clockwise for this age group. The torque shares and forces of the three digit groups differed when subjects changed the twist direction. Despite index finger, the force and torque shares of the thumb and the tangential force of the middlering-little digit group increased for clockwise twisting. The normal force was the main component of force for all digit groups in both twist directions. The thumb was the main force digit whereas index finger effort less in both twisting directions. The authors' opinion was not alike the most current jars to be opened counterclockwise. This study could provide a useful point of view for jar designers and a valuable material to clinicians to collect kinetics information of hand. The result is applicable for circular jars requiring a wider span of digits grasping while young females open jars in sitting.
